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During the larger epidemic in the Americas, Puerto Rico experienced an epidemic of 
Zika virus (ZIKV) between November 2015 and December 2016​.​ During this period, 
39,717 residents tested positive, or 1.1% of the population. Our team sequenced 84 
ZIKV genomes directly from archived ZIKV-positive clinical samples from throughout the 
epidemic period, and from distinct regions of the island, in order to reconstruct the 
introduction(s) to and geographic spread of ZIKV in Puerto Rico. We found that ZIKV 
was circulating in the Greater Antilles by April (95% CI: February-June) of 2015, and 
was introduced to Puerto Rico by August (95% CI: July-November) of 2015. While there 
were multiple introductions, just two showed evidence of sustained transmission and 
just one lineage included 77% of the samples in our data set. Coastal areas of the 
island, particularly the northeastern coast, saw early introductions and were sources of 
introductions to other areas of the island. Spread was highly correlated with ZIKV 
incidence at the origin, and not with volume of travel between locations. This epidemic 
is part of a growing trend of increasing arbovirus emergence and burden in the 
Americas and the Caribbean in particular, underscoring the importance of 
understanding dynamics specific to Puerto Rico as well as general driving factors 




Durante la epidemia del virus de Zika (ZIKV) en las Américas, Puerto Rico sufrió el 
impacto entre Noviembre 2015 y Diciembre 2016. La cifra de casos en Puerto Rico fue 
de 39,717 personas residentes (1.1% del población). Nuestro equipo secuenció 84 
genomas de ZIKV directamente de muestras clínicas confirmadas por PCR positivas. 
Estas muestras son representativas del periodo completo de la epidemia y de distintas 
regiones de la isla. El objetivo de este estudio fue describir el marco de transmisión del 
ZIKV en la isla, reconstruyendo las introducciones y dispersión. Nuestros hallazgos 
indican que ZIKV estuvo circulando en las Antillas Mayores en Abril (95% IC: 
Febrero-Junio) de 2015, y fue introducido a Puerto Rico en Agosto (95% IC: 
Julio-Noviembre) de 2015. Aunque se describen varias introducciones, solo dos 
demostraron transmisión continua y un linaje incluye 77% de nuestros genomas. 
Regiones de las zonas costeras, especialmente la costa noreste, tienen introducciones 
tempranas y pueden ser las fuentes de extensión a otras regiones de la isla. La 
dispersión del virus en la isla estuvo altamente correlacionada con la incidencia en el 
origen, pero no con el volumen de viajes. Esta epidemia es parte de una tendencia en 
crecimiento en el surgimiento de enfermedades  arbovirales teniendo un gran impacto 
en las Américas y el Caribe en particular. Este evento subraya la importancia de 
realizar estudios comprensivos sobre las dinámica de transmisión de arbovirus en 
Puerto Rico y describir factores que promuevan la extensión arboviral de forma 
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Zika virus (ZIKV) emerged explosively in the Americas after introduction to Brazil in late 
2013 and detection in early 2015.​1,2​ Connection of ZIKV in late 2015 with a spike in 
congenital complications dramatically raised the stakes of the unfolding epidemic, and a 
Public Health Emergency of International Concern was declared on February 1, 2016.​3–5 
By the start of 2017, 48 countries and territories in the Americas had reported local 
transmission and over 730,000 infections had been reported.​6 
After initial detection of ZIKV in 2015, existing arboviral laboratory surveillance 
infrastructure in Puerto Rico was adapted to detect ZIKV on the island, allowing rapid 
implementation of testing able to differentiate from other circulating arboviruses.​7–9​  This 
surveillance system, which also included syndromic surveillance for severe 
complications of ZIKV infection, informed public health policy in real time and played a 
major role in directing Puerto Rico’s response to control the epidemic and prevent 
microcephaly.​10–12​ It also has allowed for in-depth retrospective analysis of the patterns 
of spread in Puerto Rico and geographic, behavioral, and climatic factors that influenced 
disease dynamics.​13  
However valuable, spatiotemporal data with case counts alone precludes linking cases 
geographically and drawing conclusions about spreading events that led to these 
dynamics. In addition, due to the frequency of asymptomatic infection, cross-reactivity to 
other circulating flaviviruses, and low viral titers, molecular and syndromic surveillance 
for ZIKV is particularly difficult, which allowed it to spread for months before 
detection.​1,14​ Pathogen sequencing for genomic epidemiology provides an opportunity to 
overcome these limitations of traditional epidemiological data. Patterns of pathogen 
evolution are influenced by geography, host population immunology, and pathogen 
population dynamics.​15​ Because of this, it is possible to use genomic information to infer 
the introduction, spread, and dynamics of pathogens.​16​ Many RNA viruses in particular, 
including ZIKV, accumulate mutations at a rate where there is measurable change over 
a series of just weeks to months, allowing for this kind of inference into disease 
dynamics over the course of a year-long epidemic.​17,18  
Genomic approaches have already been leveraged to gain a global view of the ZIKV 
epidemic in the Americas, including its origins in Brazil, cryptic transmission in several 
regions, the role of travelers in ZIKV spread, and post-2016 epidemics.​1,19–22​ In-depth 
investigation into country- or territory-level ZIKV spread has been performed in 
Colombia​23​ and Brazil​24​, but thus far, no such fine-scale investigation has been 
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performed in the Caribbean, one of the hardest-struck regions. Furthermore, the 
Caribbean has been a hub for arboviral emergence, with decades of rising dengue virus 
(DENV) incidence and the origin of and hardest hit by the 2013 emergence of 
Chikungunya virus (CHIKV) in the Americas.​8,25–27​ Broad behavioral and climatic factors 
such as rising temperatures, deforestation, urbanization, and travel may contribute to 
increasing transmission and risk for emergence of arboviruses in the Americas and 
around the world.​28–31​ This increasing threat underscores the importance of developing a 
strong understanding of arboviral transmission dynamics and robust, flexible 
surveillance systems in the Caribbean to combat ongoing transmission and prepare for 
the next threat. 
In 2019, the Centers for Disease Control and Prevention Dengue Branch in Puerto Rico 
and the Grubaugh Lab at Yale University undertook a collaborative genomic 
epidemiology effort. Our collaboration goals were to (1) establish a sequencing workflow 
and train laboratory personnel in whole-genome viral sequencing for long-term 
investigation of arboviral disease dynamics, (2) generate and share ZIKV and dengue 
virus (DENV) sequences for inclusion in genomic epidemiology research of arboviruses 
in the Americas, and (3) build a picture of epidemic ZIKV and DENV and endemic 
DENV introduction, spread, and transmission in recent years. Here I present the initial 
findings of our ZIKV sequencing; initial DENV findings are forthcoming. Despite the 
large number of laboratory-positive cases, just 14 whole coding sequences were 
publicly available on Genbank upon undertaking this work, and none with location 
metadata within Puerto Rico. Using a tiled amplicon approach established during the 
2016 epidemic for rapid, high-throughput ZIKV sequencing,​32,33​ we generated 84 new 
sequences with >80% coverage of the coding sequence from throughout the island. A 
subsequent phylogeographic reconstruction of the outbreak indicates a 3-6 month 
period of cryptic transmission in Puerto Rico prior to detection, a close relationship 
between epidemics in Puerto Rico and the U.S. Virgin Islands, and specific regions that 





Samples & temporal signal 
Samples were selected from those which tested positive at the CDC Dengue Branch for 
Zika virus in 2016 and 2017. Sample selection was based on a division of the island into 
eight regions with the goal of equal representation from each of the regions (Figure 1A). 
We successfully generated 86 sequences with >80% coverage of the coding sequence 
from 41 (of 76) mainland municipalities (excluding the small island municipalities of 
Vieques and Culebra). These represented all eight of the regions used in this analysis. 
Our initial phylogenetic analysis of the new Puerto Rico genomes was performed using 
the Nextstrain pipeline and a representative set of 376 genomes that are representative 
of the Zika epidemic elsewhere in the Americas. Three sequences were dropped during 
analysis because they did not fit the molecular clock. The final Nextstrain tree had a 
significant temporal signal (R​2​=0.9752) and substitution rate ( substitutions.80 08 × 1 −4  
per site per year) comparable to other evolutionary models of Zika (Supplemental 
Figure 1B). 
Puerto Rico experienced multiple introductions of Zika virus 
The international-level phylogeographic reconstruction indicates eight separate 
introductions to the Greater Antilles captured in our sequences (Figure 2, Supplemental 
Table 2). All of these introductions occurred in late 2015 and early 2016. Five were most 
closely related to sequences from Central America and two from the Caribbean. The 
last introduction had origins in South America, but likely was introduced to Puerto Rico 
via the US Virgin Islands. Puerto Rico was not the source of introductions into other 
nations; this may be because the island’s epidemic occurred relatively late, after South 
and Central America already had experienced introductions. It also may be because of 
the limited number of sequences from other Caribbean nations which may be most 
highly connected to Puerto Rico. 
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Figure 1. Regional grouping & incidence 
(A) Regional grouping of cases for phylogeographic analysis. (B) Commuter flows by region. 
Magnitude of flow between two regions is represented by the size of arrow. Shade of region 
corresponds to population density, where darkest green = most dense and lightest = least 
dense. Image courtesy of Lauren Gardner, Johns Hopkins CSSE. (C) Incidence rate in each 




Most cases fall into two clades within Puerto Rico 
Despite multiple introductions, just two of these introductions accounted for 94.0% of 
the sequences in our analysis (Figure 2, Supplemental Figure 1A). The largest clade, 
here referred to as Clade A, consists of 64 genomes from Puerto Rico and 18 from the 
U.S. Virgin Islands and was introduced to the Greater Antilles from South America in 
April (95% CI: February-June) of 2015. This clade may have been introduced to Puerto 
Rico followed by introduction to the U.S. Virgin Islands and reintroduction to Puerto Rico 
(48% confidence), or first introduced to the U.S. Virgin Islands (33% confidence). In 
either case, further spread in this clade was (with 76% confidence) the result of an 
ancestor in Region 2 of Puerto Rico in August (95% CI: July-November) of 2015. This 
clade was introduced in the north-east of the island, an area popular with private and 
public boat travel to minor outlying islands, the Virgin Islands, and other Caribbean 
nations. 
The second largest clade, Clade B, consists of twelve sequences and was introduced to 
Puerto Rico from Central America between August and November of 2015. This clade 
was introduced to the south-central region of the island, which includes the 
second-largest metropolitan area (Ponce). All of the other five introductions are 
represented by single sequences. Three were from Central America and two from 
elsewhere in the Caribbean, all in mid-2015 to January 2016. 
Together, these tMRCA estimates indicate that Zika virus was introduced at least three 
months and possibly up to ten months prior to the first confirmed case in December of 
2015. Countries throughout the Americas experiencing epidemics during the 2013-2016 
introduction often experienced these surveillance gaps between inferred introduction 
and first case detection due to the challenges of detecting an illness that often has no 
clinical manifestation. With just three months between establishment of the major 
outbreak clade, Puerto Rico had one of the shortest surveillance gaps in the Americas. 
Potential reasons for this include rapid development and implementation of the Trioplex 
rRT-PCR detection assay, recent experience with a previous emergent epidemic of 
another arbovirus (CHIKV in 2013), and introduction relatively late in the pan-American 
pandemic. 
Local spread originated in coastal areas 
In both Clade A and Clade B, point introductions to eastern and southwestern coastal 
areas were followed by expansion to regions on the western coast and center of the 
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island. Lineages do not appear to be highly clustered geographically within the island, 
with 45 (of a maximum 74 possible) geographic transitions present among the ancestral 
state reconstructions. This indicates, unsurprisingly, that the transmission of Zika within 
the island demonstrated a high degree of interconnectivity. 
 
Figure 2. ZIKV in Puerto Rico, in the context of the Americas 
(A) Maximum likelihood tree with 458 genomes, Puerto Rico sequences highlighted. 
Introductions sampled once are marked with a star (pink = most recent ancestor in Caribbean, 
purple = most recent ancestor in Central America. The most recent non-Antilles ancestor for 
Clade A is in South America and Clade B is in Central America) (B) Map showing introductions 
to Puerto Rico over the course of the epidemic. 
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Within Puerto Rico, spread tended to originate in coastal areas (Figure 3). Surprisingly, 
Regions 2 and 5 were the largest sources of spread to other regions, despite being the 
8th and 3rd most populated regions, respectively (Supplemental Table 3). They 
contributed 57.8% of introductions to other regions while containing only 17.3% of the 
island’s population. The most populous region by far is Region 1, which contains the 
entire San Juan metro area and contains 28.6% of the island’s population alone. This is 
the capital and largest region of both local commuter traffic and international airline 
traffic. Region 1 was the origin of just two instances of spread to other regions, and was 
not the destination of any international importations. A study of the outbreak in Puerto 
Rico using solely data on confirmed cases (other than pregnant women) found that 
higher population and proximity to San Juan were both independently associated with 
earlier case detection. This genomic data, indicating that San Juan and Ponce (the two 
biggest population centers) experienced relatively late introductions may indicate that 
this is an artifact of stronger surveillance systems in cities. 
There are several potential reasons for the importance of coastal location in the role of 
early Zika spread in Puerto Rico. These include climate factors influencing the vector 
suitability of these regions, socioeconomic factors, and land use. In addition, these 
results are biased by our sampling scheme. Region 2 had 35.02 sequences/1,000 
cases, which is nearly 10-fold higher than the next most densely sampled region 
(Region 3 with 4.04/1,000 cases; Supplemental Table 1). Further investigation of these 
factors should be undertaken with a Bayesian phylogenetic approach, such as 
Skygrid-GLM. 
Daily commutes may have played a role in the rapid spread of Zika throughout 
Puerto Rico 
In order to investigate whether the volume of daily commuters between regions was a 
major factor in the routes of spread, a linear model of traffic flow between regions 
(yearly average) and origin incidence rate was built (Figure 1B and 1C, Supplemental 
Table 4). Only origin incidence was found to be significant at the p < 0.05 level (p < 
0.001). Total daily traffic flow had a small effect but was not significant (p=0.057) 
indicating that further investigation into the role of daily commuter flow in the spread of 
arboviruses may be warranted. This may be because factors that drive epidemic spread 
in a single-country-size continuous geography are largely based on climate or 
environmental factors, rather than behavioral. There is strong evidence for these factors 
playing a  role, and further research should focus on characterizing the relative 
importance of these factors with a Bayesian phylogeographic model.​13 
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Figure 3. Four dominant sub-lineages within Puerto Rico demonstrating trend of spread from 
coast to center of the island.  
Lineage A.1​, originating in Region 2; ​Lineage A.2​, also originating in Region 2;​ Lineage A.3​, 




This investigation provided a preliminary look into the spatiotemporal spread of ZIKV in 
Puerto Rico using phylogeographic approaches.High density sequencing of a single 
epidemic of ZIKV provided insight into the geographic spread within Puerto Rico and 
how it fit into the greater context of the Americas. Here, using rapid and easy-to-use 
maximum likelihood methods, I presented a phylogeographic model of the ZIKV 
epidemic in Puerto Rico from introduction (likely in mid-2015) to 2017. We found that 
the coastal region, specifically the northeastern coast, was the location of the first major 
introduction and was the origin for the most spread to other regions of the island. This is 
in contrast with our hypothesis that the most populous regions within the island 
(Regions 1 and 4), which are also the locations of the only international airports, would 
be the first infected. This conclusion, however, is limited by a bias in our sequencing 
coverage; this is an ongoing focus of our research and we aim to generate more 
sequences from the less sampled regions of the island. Also in contrast to our 
hypothesis, the directional volume of commuter flow between two regions was not 
correlated with the directional risk of transmission between those regions. There is 
ample room for further investigation with this sequencing data; suggested further 
directions include investigating the role of air and boat travel in introductions to the 
island and a dive into the role of climatic, socioeconomic, and environmental factors in 





Samples for sequencing were selected from PCR-positive Zika virus sera left over in the 
CDC Dengue Branch archive with CT≤32. They were chosen to provide a temporally 
and geographically diverse sampling scheme from all eight regions throughout the 2016 
epidemic. Within this criteria, at least 10 clinical samples from each region were 
randomly selected, and all samples from March-May of 2016 were selected. All samples 
from 2017 which fit our criteria were selected. Metadata on the date of collection and 
municipality of each sample was provided from the CDC database. For phylogeographic 
analysis, location information was aggregated by eight regions within Puerto Rico 
(Figure 1A).  
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Sequencing 
Full-length Zika virus genomes were generated from clinical serum samples using 
PrimalSeq, a targeted approach using tiled amplicon sequencing.​32​ RNA extraction from 
sera was performed on a MagNA Pure using the Viral NA Large Volume Kit (Roche). 
cDNA synthesis was performed from 11μL extracted RNA using SuperScript IV cDNA 
synthesis kit (ThermoFisher) and random hexamer second-strand primers. Tiled 
amplicon-based PCR was performed using two validated primer pools (IDT) and Q5 
Hot-Start DNA polymerase (NEB) generating 400-bp amplicons. Samples were 
screened for amplification by running on 1.5% agarose gel at 200V for 40 minutes, then 
cleaned using Mag-Bind TotalPure NGS beads (Omega) in a 1.8:1 ratio of beads to 
product. All DNA concentrations were checked using either Qubit 2.0 or Qubit 4.0 
fluorometer and dsDNA HS assay kit (Life Technologies). Samples that had (1) clear, 
bright bands and (2) control concentrations at least 10-fold lower in both pools were 
combined across pools, with 25 ng amplified DNA from each pool. For library prep, we 
used NEBNext Ultra II DNA Library Prep Kit for Illumina and 96-well Unique NEBNext 
Multiplex Oligos for Illumina (NEB) using ¼ of vendor-recommended reagents. Clean-up 
between library prep and the indexing PCR was performed using a 0.75:1 ratio of beads 
to product, and clean-up after the indexing PCR was performed using a 0.9:1 ratio of 
beads to product. Pre-sequencing QC was performed on samples with at least 1.0ng/μL 
using BioAnalyzer 2100 and BioAnalyzer DNA 1000 kit (Agilent). Each library was 
pooled to an equal concentration, and the pooled libraries were briefly denatured with 
NaOH and diluted to 15pM. The pooled libraries, along with a PhiX control, were 
sequenced on a MiSeq (Illumina). 
Data Processing and consensus generation 
Reference-based amplicon alignment was performed using bwa-mem. Primers and 
low-quality bases were trimmed using iVar, and samtools was used for sorting, 
indexing, and variant calling.​33,34​ Final consensus sequences were called using iVar for 
positions with at least 10X depth and at least 75% frequency of the consensus base. 
The consensus generations script used is available in the supplement. Consensus 
sequences with their respective .bam files were manually inspected in Geneious Prime. 
Maximum Likelihood Trees 
For initial determination of date, region, and sources of introductions to Puerto Rico, a 
data set of 458 sequences (82 from transmission within Puerto Rico and 376 external) 
was curated, starting with 576 sequences used in the Nextstrain “Real-time tracking of 
Zika virus evolution” page​35​ and selected to achieve representative sampling along the 
evolutionary history of Zika imported to Puerto Rico. The multiple alignment was 
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generated with MAFFT and subsequently edited manually. A maximum likelihood tree 
was built using IQTree with a GTR+G substitution model and is available at: 
nextstrain.org/community/grubaughlab/zikv-pr. 
Geographic transition matrix and association of spread with commuter flows 
A directional O-D matrix of geographic spread events between regions within Puerto 
Rico was made on the maximum likelihood phylogeography. There were 45 individual 
spread events between regions counted manually, with a probability threshold of 60% 
(Supplemental Table 3). These same transitions were also disaggregated by month for 
use with ArboNET monthly case data by region. Where the 95% confidence interval for 
a transition encompassed multiple months, the mean inferred date was used. Passive 
data on the incidence of ZIKV in each municipality by month in Puerto Rico were 
provided from November 2015 to December 2017 from CDC’s ArboNET National 
Arboviral Surveillance System, excluding asymptomatic cases in pregnant women ​36​. 
Commuter data was obtained from the U.S. Census Bureau 5-year ACS estimate, 
2009-2013. In order to investigate the roles of travel volume between regions and 
incidence at origin in determining inter-region spread events, a linear model was 
generated with geographic transitions (spread, by month) as a function of incidence (by 
month) and commuter volume (average over the period 2009-2013, as described 






Supplemental figures and data 


















1 8 995018 10808 1086.21 0.804 0.740 
2 9 99814 257 257.48 9.017 35.019 
3 10 267381 2474 925.27 3.740 4.042 
4* 11 308603 5860 1898.88 3.564 1.877 
5 16 489848 5219 1065.43 3.266 3.066 
6 10 544536 5374 986.89 1.836 1.861 
7 9 271155 3210 1183.82 3.319 2.804 
8 9 430317 2823 656.03 2.091 3.188 
Total 82 3473232 36025 1037.22 2.361 2.277 
 
*Region 4 is the center of the SEDSS Sentinel Surveillance system for acute febrile illness, so 
detection rate is higher than for all other regions 
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Supplemental Table 2. ​Overview of all international introductions to Puerto Rico 
captured in our data set.  
If an introduction has multiple descendants in Puerto Rico, the  tMRCA is of the clade root in 
Puerto Rico. If an introduction consists of a single sequence in Puerto Rico, tMRCA is the most 
recent node outside of Puerto Rico. 
No. descendants Origin tMRCA (95% CI)* Sampled 
1 Caribbean Nov 2015 (Sept 
2015 to Jan 2016) 
Jun 2016 
1 Caribbean Dec 2015 (Sept 
2015 to Jan 2016) 
Sept 2016 
82 ​(64 Puerto Rico, 
18 USVI) 
South America (likely 
Brazil) 
Apr 2015 (Feb 2015 
to June 2015) 
May 2016 to Jan 
2017 
1 Central America Oct 2014 (May 2014 
to Dec 2014) 
Nov 2016 
1 Central America May 2015 (March 
2015 to Sept 2015) 
Oct 2016 
1 Central America Sept 2015 (July 
2015 to Jan 2016) 
Oct 2016 
1 Central America Sept 2015 (July 
2015 to Jan 2016) 
July 2016 
12 Central America Jan 2016 (Nov 2015 
to Feb 2016​) 






Supplemental Table 3. ​Origins and destinations of observed spread events within 
Puerto Rico, by region. 






 1 2 3 4 5 6 7 8 
1 NA 0 0 0 1 1 0 0 2 
2 1 NA 3 0 2 2 3 2 15 
3 1 0 NA 0 2 1 2 0 6 
4 0 0 2 NA 3 0 1 0 6 
5 2 2 1 2 NA 2 0 2 11 
6 1 0 0 1 0 NA 0 1 3 
7 1 0 0 0 0 0 NA 1 2 
8 0 0 0 0 0 0 0 NA 0 
Total D 6 3 6 4 8 6 6 6  45 
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Supplemental Table 4. ​Association between incidence rate at origin and daily 
commuter flows with likelihood of transmission per month. 
Differences are expressed as a hazard ratio. 
Variable Multivariate Univariate  






-1.619x10​-5 ​(-0.7.689​ ​– 
-2.46) x10​-5 
0.0570 -- -- 
Zika incidence 
rate at origin 
0.0223 (0.0176 – 
0.0273) 








Supplemental figure 1. Molecular clock 
(A)​ Entire tree with Puerto Rico sequences (N=82) in red, South American sequences (N=147) 
in turquoise, Central American sequences (N=117) in purple, Non-Puerto Rico Caribbean 
sequences (N=77) in pink and sequences from the continental US (N=33) in blue. ​(B) ​Molecular 
clock showing divergence vs. time, demonstrating the heterochronous nature of our data and 
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